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Introduction {#sec001}
============

Though typically defined as an autoimmune demyelinating disease of the central nervous system, disease hallmarks of multiple sclerosis (MS) also include early-occurring, continuing axonal neurodegeneration and neuronal atrophy, both of which contribute significantly to later disease course \[[@pone.0155274.ref001]\]. While this neurodegeneration has been established as a byproduct of neuroinflammation, accumulating evidence indicates that the two processes can also be dissociated from one another, occurring in parallel via independent mechanisms \[[@pone.0155274.ref002]\]. However, despite this extensive characterization of disease course and symptomology, MS etiology remains unknown, though there is consensus that--as for other multifactorial diseases--genetic, epigenetic, and environmental factors together contribute to both disease onset and course \[[@pone.0155274.ref003]\]. In an attempt to further tease apart the contributions of each of these factors, it is important to note that gene expression and epigenetic profiles between the major cell types involved in MS, neurons and immune cells, may differ, and thus may contribute to disease etiology and course in unrelated, cell type-specific ways. Hence, an appropriate disease paradigm is required to investigate questions of specific contributions to MS.

Induced animal models, such as rodent experimental autoimmune encephalomyelitis, remain crucial to disease research; however, they contain many limitations in modeling human disease pathology. Because of this, they remain inappropriate for drug screenings, investigations into the plausible genetic contributions of a polygenic disease, and studies of specific neurodegenerative processes. A cell-specific study in MS is thus relevant to our basic understanding of the disease. In other disease contexts, such models have arisen in the form of patient-derived, human iPSCs, which can then be studied in their pluripotent state or in a subsequently differentiated form. iPSCs can be generated from a variety of somatic cells, including skin fibroblasts \[[@pone.0155274.ref004]\], keratinocytes \[[@pone.0155274.ref005]\], peripheral blood cells \[[@pone.0155274.ref006]\], and adipose stem cells \[[@pone.0155274.ref007]\]. Indistinguishable from embryonic stem cells in proliferation, morphology, and gene expression, iPSCs are typically induced using transcription factors Oct3/4, Nanog, c-Myc, and Klf4 \[[@pone.0155274.ref004]\]. Major advances have been made through the development of minimally-invasive collection techniques, namely the usage of easily-accessible cells such as peripheral blood mononuclear cells and renal cells \[[@pone.0155274.ref008]\]. In addition, integration-free transfection techniques, such as electroporation with episomal plasmids, have been developed to avoid viral-mediated insertional mutations. While these methodologies typically result in a lower transfection efficiency \[[@pone.0155274.ref009]\], vector integrations come at the expense of potential interference with the functionality of iPSC derivatives. These derivatives, specifically neuronal forms, have been particularly useful for neurodegenerative diseases, including Parkinson's disease (PD), Alzheimer's disease (AD), and amyotrophic lateral sclerosis (ALS), where current animal models have led to limited translational success \[[@pone.0155274.ref010]--[@pone.0155274.ref021]\]. Furthermore, it is important to note that these neurodegenerative diseases, as is the case with MS, may be contributed to by external environmental factors inducing alterations in cellular epigenetic profile. Because there is evidence of both genomic stability \[[@pone.0155274.ref015],[@pone.0155274.ref022],[@pone.0155274.ref023]\] and epigenetic persistence \[[@pone.0155274.ref024]\] through the procedure of iPSC conversion and differentiation, the cell- and patient-specific *in vitro* paradigm may not only contain relevant genetic material, but also epigenetic information necessary for the investigation of disease etiology and biochemistry.

Herein, we describe the successful conversion of non-invasively obtained human renal proximal tubule epithelial cells to MS patient-specific primary neurons via an iPSC procedure. The establishment of such a procedure can allow for greater understanding of human cellular mechanisms of MS, potentially leading to novel therapeutic targets and subsequent efficacious drug discovery.

Materials and Methods {#sec002}
=====================

Acquisition of urine samples {#sec003}
----------------------------

It is estimated that 2,000--7,000 renal tubule cells pass through urinary excrement daily \[[@pone.0155274.ref025]\], allowing for a non-invasive method for collection of fibroblast-like cells. After written consent, a male MS patient affiliated with the St. Josef-Hospital--Klinikum der Ruhr-Universität (32 years old, RRMS, EDSS 2, taking no MS-related medication) and female healthy control (25 years old) provided urine samples in accordance with the guidelines dictated by the Ethics Committee of the Ruhr-Universität Bochum (register number: 4745--13); said ethics committee specifically approved this study. Each participant was provided with Octenisept^®^ sterilization liquid (Schülke & Meyer), a sterile beaker, and instructions on sterile collection method.

Plasmid isolation {#sec004}
-----------------

Three episomal vectors were utilized for reprogramming, as per previous reports of fibroblast transfection success \[[@pone.0155274.ref026]\]: pCXLE-hOCT3/4-shp53, pCXLE-hSK, and pCXLE-hUL (Addgene Plasmid \#27077, \#27078, and \#27080, respectively). Plasmid-containing *E*. *coli* were cultured, and colonies picked and expanded in LB Medium with ampicillin. Plasmid extraction was accomplished through the PureYield^TM^ Midiprep System (Promega) as per the manufacturer's instructions.

Isolation and culture of Renal Proximal Tubule Epithelial Cells (RPTECs) {#sec005}
------------------------------------------------------------------------

A schematic overview of these entire methodology is depicted in **[Fig 1](#pone.0155274.g001){ref-type="fig"}**. The procedure for isolation of RPTECs was derived from Zhou et al. \[[@pone.0155274.ref008]\] with various modifications.

![Schematic overview of methodological procedure.\
After isolation and cultivation of RPTECs from urine samples, cells were transfected with pluripotency-inducing genes hOCT3/4, hSK, and hUL, resulting in long-lasting iPSC colonies. Through the cultivation of iPSCs in a free-floating condition, embryoid bodies (EBs) were formed and guided towards ectodermal lineage by addition of SB431542 (SB) and dorsomorphin for the suppression of the meso-, ento-, and epidermal lineages. Maturations of these cell aggregations with EGF and FGF under adherent conditions resulted in neural rosette formations, which were subsequently excised and dissociated into neural progenitor cells (NPCs). These cells were then differentiated to primary neurons (PNs) via basal medium with Sonic hedgehog (Shh) and retinoic acid (RA); cultures were further cultivated through the addition of BDNF and GDNF.](pone.0155274.g001){#pone.0155274.g001}

Following aspiration of urine supernatant after the first isolation centrifugation, 10 mL washing buffer was utilized to resuspend and consolidate all pellets. Due to contamination inherently present in urine samples, cells were washed a second time before a final isolation centrifugation. Pellets were then resuspended in warmed RE proliferation medium (REGM^TM^; Lonza) prior to drop-wise transfer into two wells of a cell culture-treated, 0.1% gelatin-coated 12-well plate. To further reduce collection contamination, 100 μg/mL Primocin^TM^ (InvivoGen) was added for the first 5 days (D0-D4) of culture. On D1, the addition of 1 mL REGM to each well occurred without previous aspiration of old medium as per the original protocol. From D2 onward, REGM was completely changed every day, and cells were washed with Dulbecco's Phosphate Buffered Saline with calcium and magnesium (DPBS+/+; Life Technologies) every even day before replacement of REGM. When wells reached 90% confluence (approximately two to three weeks after plating), cells were passaged through an initial wash with DPBS without calcium and magnesium (DPBS-/-; Life Technologies) and subsequently trypsinized with TrypLE^TM^ Express (Life Technologies), the reaction being terminated via dilution. Cells were centrifuged and resuspended in REGM for plating onto a cell culture-treated, 3.5 cm, 0.1% gelatin-coated plate. Plates received a full medium-change every day and were washed with DPBS+/+ every other day beginning with D2 post-trypsinization. Cells were passaged a second time to a 10 cm plate in order to cultivate the appropriate number of cells required for transfection (typically 80--90% confluence). All centrifugations were carried out at 450 x *g* for 10 minutes at room temperature (RT).

Transfection of RPTECs into iPSCs {#sec006}
---------------------------------

RPTEC cultures were incubated for one hour with 10 μM Y-27632 ROCK-inhibitor (Selleckchem) prior to DPBS-/- wash and subsequent trypsinization. Plasmid concentrations of 0.88 μg per 1 million cells were utilized. Transfection was achieved through electroporation via the Neon^®^ Transfection System (Life Technologies) as per the manufacturer's instructions, and settings were programmed to one, 30 ms pulse at 1,100 V. Transfected cells were seeded on cell-culture-treated, Matrigel^®^-coated (Corning Life Sciences) plates filled with Fibroblast medium \[[@pone.0155274.ref027]\] and incubated with 10 μM ROCK-inhibitor for the first twenty-four hours. Medium was changed every odd day beginning with D1 post-transfection. When cells reached 70% confluence, the medium was switched to TeSR^TM^-E7^TM^ reprogramming medium (Stemcell Technologies) until first colonies appeared; cutting and passage of colonies occurred in accordance with manufacturer's instructions using mTeSR^TM^1 medium (Stemcell Technologies), typically every 5--7 days.

Formation of embryoid bodies (EBs), rosette structures, and neural progenitor cells (NPCs) {#sec007}
------------------------------------------------------------------------------------------

iPSCs selected for EB formation were pre-incubated with 10 μM ROCK-inhibitor and subsequently washed with 20% KSR medium in DMEM/F12+Glutamax \[[@pone.0155274.ref028]\]. Three-dimensional structures were cultivated by scratching iPSCs from the plate using a cell scraper. Resulting EBs were maintained for 6 days on non-culture-treated, un-coated dishes in mTeSR^TM^1 medium, shaking twice daily. Full medium changes occurred every two days, with medium being supplemented with 10 μM SB431542 (Biozol) and 5 μM dorsomorphin (Sigma) on days 2 and 4. On day 6, EBs were plated onto cell culture-treated plates double-coated with 0.002% Poly-L-ornithine (PORN; Sigma) and 10 μg/mL laminin (Sigma) filled with either ITSFn or NSCM medium \[[@pone.0155274.ref029]\]. Neural rosette structures were mechanically isolated and NPCs cultivated as previously described \[[@pone.0155274.ref029]\], omitting prior neurosphere propagation.

Induction of NPCs into primary neurons (PNs) {#sec008}
--------------------------------------------

Confluent NPCs were re-plated onto cell culture-treated, PORN/laminin-coated 3.5 cm dishes, with 100,000 cells per dish (trypsinization for transfer halted with 20% KSR). Cells were incubated with NSCM \[[@pone.0155274.ref029]\] for 24 hours before being switched to differentiation medium (DMEM/F12+Glutamax, 2x N2 supplement, 2x B27 supplement, 50 μg/mL apo-transferrin, 200 μM ascorbic acid), with half medium changes every other day. Sonic hedgehog (500 ng/mL) and retinoic acid (4 μM) were supplemented to the medium for 6 days \[[@pone.0155274.ref029]\]; 10 ng/mL BDNF and 20 ng/mL GDNF from day 7 onward.

Immunofluorescent staining {#sec009}
--------------------------

Cells of interest were plated onto appropriately-coated cover slips that had been previously cleaned with HCl and stored in EtOH. iPSC stainings were accomplished via a 10-minute 4% paraformaldehyde fixation and 0.5 nM ammonium chloride + 0.25% Triton X-100 (Sigma) antigen unmasking followed by a one-hour blocking period with 5% BSA in PBS; NPC and PN stainings via a 5-minute fixation with ice cold methanol followed by a 15-minute antigen awakening (3-minute for PNs) with 0.3% Triton X-100 in PBS and subsequent block using 5% BSA in PBS. In all cases, primary antibodies were incubated with cells overnight at 4°C, secondary antibodies in the dark for one hour at room temperature (see **Tables [1](#pone.0155274.t001){ref-type="table"}** and **[2](#pone.0155274.t002){ref-type="table"}** for primary and secondary antibodies, respectively, and their dilution factors). For TH staining, an intermediate, biotinylated antibody was applied for one hour at room temperature prior to Alexa Fluor antibody incubation. All antibody dilutions were performed using 0.8% BSA in PBS.

10.1371/journal.pone.0155274.t001

###### Primary antibody list and specifications.

![](pone.0155274.t001){#pone.0155274.t001g}

              Antibody            Dilution    Host     Provider
  ----------- ------------------- ----------- -------- ---------------------------------------------
  **iPSCs**   Nanog (M-155)       1:100       Rabbit   Santa Cruz
              Oct4 (C-10)         1:100       Mouse    Santa Cruz
              Sox2                1:100       Rabbit   Bioscience
              SSEA4 (813--70)     1:100       Mouse    Santa Cruz
              Tra-1-60            1:100       Mouse    Santa Cruz
              Tra-1-81            1:100       Mouse    Santa Cruz
  **NPCs**    Pax6                1:50        Goat     Santa Cruz
              Doublecortin        1:100       Goat     Santa Cruz
  **PNs**     β-III-Tubulin (1)   1:10,000    Rabbit   Sigma
              β-III-Tubulin (2)   1:400,000   Mouse    Biolegend
              Neurogenin          1:50        Rabbit   Santa Cruz
              SMI-32R             1:10,000    Mouse    Covance
              ChAT                1:500       Rabbit   Abbexa
              TH                  1:500       Sheep    Millipore
              GFAP cocktail       1:400,000   Mouse    BD Bioscience
              MBP                 1:1000      Mouse    Biolegend
              O4                  1:70        Mouse    Graciously provided by Dr. Andreas Faissner

10.1371/journal.pone.0155274.t002

###### Secondary antibody list and specifications.

![](pone.0155274.t002){#pone.0155274.t002g}

              Antibody       Dilution   Host/Antigen        Provider
  ----------- -------------- ---------- ------------------- ---------------------
  **iPSCs**   Alexa 555      1:1000     Goat/anti-mouse     Life Technologies
              Alexa 555      1:1000     Goat/anti-rabbit    Life Technologies
  **NPCs**    Alexa 488      1:1000     Rabbit/anti-goat    Life Technologies
  **PNs**     Alexa 488      1:1000     Goat/anti-rabbit    Life Technologies
              Alexa 555      1:1000     Goat/anti-mouse     Life Technologies
              Alexa 488      1:1000     Goat/anti-mouse     Dako
              Biotinylated   1:1000     Rabbit/anti-sheep   Vector Laboratories

Microscopy {#sec010}
----------

Bright field images were captured with the cell\^F program and accompanying Olympus IX51 microscope/camera system; immunoflorescent images with cellSens program and Olympus XM10. Quantification of stained PNs was accomplished by manual cell counting within 4--5 randomly-selected visual fields at 10x magnification from 3--4 independent experiments. Average field contained 93 DAPI-positive nuclei.

Electrophysiological analysis of PNs {#sec011}
------------------------------------

All cells underwent electrophysiological characterization at room temperature (\~20°C) between 20 to 30 days post-differentiation. Cells cultured on PORN/laminin-coated cover slips were transferred into a recording chamber mounted on an inverted microscope (Zeiss Axiovert) and continuously superfused at a rate of 4 mL/min with oxygenated external solution (ACSF) containing (in mM): 124 NaCl, 2.7 KCl, 1.25 KH~2~PO~4~, 26 NaHCO~3~, 2 MgSO~4~, 2 CaCl~2~, and 10 glucose \[[@pone.0155274.ref030],[@pone.0155274.ref031]\]. Recording pipettes were pulled from borosilicate glass and filled with internal solution containing (in mM): 130 potassium gluconate, 2 sodium gluconate, 20 HEPES, 4 MgCl~2~, 4 Na~2~ATP, 0.4 NaGTP, and 5 EGTA to reach a final impedance of 5--8 MΩ. Isolation of sodium currents was accomplished using a cesium-based internal solution containing (in mM): 130 cesium methanesulfonate, 2 NaCl, 20 HEPES, 4 Na~2~ATP, 0.4 NaGTP, and 5 EGTA. Whole-cell patch clamp recordings both in voltage and current clamp modes were carried out using a PC 501-A amplifier (Warner Instruments). Signals were filtered by a Humbug noise eliminator (Digitimer Ltd.) and digitized at a sampling rate of 10 kHz with WinWCP software (Strathclyde Inst. of Pharmacy and Biomedical Sci.). Recorded potentials were corrected for the liquid junction potential (10.3 mV).

To determine steady-state current-voltage relationships, recorded cells were voltage clamped to -60 mV and stimulated with 50 ms voltage steps (from -80 to +30 mV in 10 mV increments). Current responses were measured as the mean current amplitude during the last 25 ms of the voltage steps. For pharmacological characterization of fast inward currents induced by depolarizing voltage steps carried by voltage-dependent sodium channels, a hyperpolarizing voltage step (to -80 mV, 50 ms) followed by depolarizing voltage step (from -20 to 0 mV, 50 ms) was applied every 15 s while 10 μM tetrodotoxin (TTX) was bath-applied through the superfusion system. The firing behavior of cells was characterized in current clamp mode by increasing the holding current to change from subthreshold (approx. -70 mV) to suprathreshold (approx. -20 mV) membrane potentials.

Results {#sec012}
=======

MS patient RPTECs can be isolated and transfected into iPSCs {#sec013}
------------------------------------------------------------

Cells procured from the urine samples of an MS patient and healthy control were successfully cultured, spending an average of 24 days *in vitro* prior to transfection. Most cell loss occurred prior to first passage and was due to contamination from the original urine sample, which was present in all cases. Upon advanced proliferation, dishes contained cells displaying two distinct morphologies (**[Fig 2A](#pone.0155274.g002){ref-type="fig"}**, arrows) as described previously \[[@pone.0155274.ref008]\]. RPTEC culture and transfection efficiency were not affected following rapid thaw from a cryopreserved state.

![Examples of key stages in neuronal differentiation from epithelial cells.\
(A) Male patient RPTECs were photographed after 22 days *in vitro* and subsequently transfected; scale bar 500 μm. Arrows indicate distinct morphologies as previously reported \[[@pone.0155274.ref008]\]. (B) First fully-formed colonies were visualized and cut 21 days after transfection; scale bar 500 μm. Inset shows isolated colony at passage 19; scale bar 375 μm. (C) Cultured EBs were obtained from iPSCs after 4 passages; scale bar 200 μm. (D) Large neural rosettes were photographed and subsequently mechanically isolated 12 days after EB plating; scale bar 200 μm. (E) Cut rosettes underwent trypsinization to form a single-cell suspension of NPCs. Image shows NPCs 8 days after single-cell plating; scale bar 100 μm. (F) Induced primary neurons demonstrates typical neuron morphology, including pyramidal somata (indicated by arrows), extended axons, and formation of neural networks 21 days after switch to differentiation medium; scale bar 200 μm. Inset shows enlarged example of pyramidal morphology; scale bar 100 μm.](pone.0155274.g002){#pone.0155274.g002}

Three successful, independent transfections were performed using MS patient RPTECs, two using healthy control cells, with viable colonies forming in 83.3% of all transfection attempts. The first viable colonies appeared at an average of 25 days post-transfection, in line with the mTeSR^TM^-E7^TM^ and mTeSR^TM^1 manufacturer protocol (**[Fig 2B](#pone.0155274.g002){ref-type="fig"}**). iPSCs (passage 4+) stained positive for all tested pluripotency markers: stem cell transcription factors Nanog, Oct4, and Sox2, along with human embryonic stem cell surface markers SSEA4, Tra-1-60, and Tra-1-81 (patient cells highlighted in **[Fig 3A](#pone.0155274.g003){ref-type="fig"}**).

![Staining of relevant markers confirm cellular identity of induced cells at iPSC and NSC stages.\
(A) Representative staining of MS patient-derived iPSC colony confirms the presence of various pluripotency markers: stem cell transcription factors Nanog, Oct4, & Sox2 and human embryonic stem cell surface markers SSEA4, Tra-1-60, and Tra-1-81. Cells acquired were stained at passage 6; scale bar 100 μm. (B) Male MS patient NPCs were obtained via single-cell suspension following mechanical isolation of neural rosette structures. Cells stained positive for neurogenesis transcription factor PAX6 and neuronal precursor microtubule-associated protein doublecortin 8 days and one passage after rosette dissociation; scale bar 50 μm.](pone.0155274.g003){#pone.0155274.g003}

Specific pathway blockage and promotion leads to differentiation of patient-specific, RPTEC-derived iPSCs into NPCs {#sec014}
-------------------------------------------------------------------------------------------------------------------

For the appropriate primary neuron differentiation, EB formations selective for ectodermal lineage were formed via the inhibition of endomesodermal processes (**[Fig 2C](#pone.0155274.g002){ref-type="fig"}**). This was accomplished using SB431542 and dorsomorphin to inhibit the activin/nodal and bone morphogenetic protein pathways, respectively \[[@pone.0155274.ref032]\]. Resulting EBs formed neural tubule-like rosette formations when plated and cultured with appropriate medium (**[Fig 2D](#pone.0155274.g002){ref-type="fig"}**). NPCs resulting from single-cell suspensions of rosette structures (**[Fig 2E](#pone.0155274.g002){ref-type="fig"}**) were confirmed as such via positive stainings for neurogenesis transcription factor PAX6 and neuronal precursor microtubule-associated protein doublecortin (**[Fig 3B](#pone.0155274.g003){ref-type="fig"}**).

Induced PNs demonstrate typical morphology and TTX-dependent electrophysiological properties {#sec015}
--------------------------------------------------------------------------------------------

Eleven individual PN differentiations from NPCs were performed for each participant. Modified differentiation protocol \[[@pone.0155274.ref029]\] resulted in a hyper-populated reservoir of immature neuron structures. Upon separation from the reservoir (80,000--100,000 cells per 3.5 cm dish), MS-patient induced (MSi)PNs displayed typical morphology (**[Fig 2F](#pone.0155274.g002){ref-type="fig"}**) and showed protein expression of both neuronal differentiation transcription factors and β-III-Tubulin & SMI-32R neuronal cytoskeletal markers (**[Fig 4A](#pone.0155274.g004){ref-type="fig"}**, overview images provided in **[S1 Fig](#pone.0155274.s001){ref-type="supplementary-material"}**) in the relative absence of GFAP (percent mean ± SEM: MSiPN 3.63 ±1.22, HCiPN 0.13 ± 0.13), myelin basic protein (MBP), and O4 (**[S2 Fig](#pone.0155274.s002){ref-type="supplementary-material"}**). Quantification of four to five randomly-selected visual fields within three or four separate stainings revealed a high neuronal purity in both patient and healthy control cultures, with 90.03 ± 0.66 and 92.01 ± 0.99 percent (± SEM) of cells, respectively, staining for β-III-Tubulin, 71.80 ± 8.33 & 73.56 ± 4.25 for tubulin and neurogenin, and 22.49 ± 1.68 & 36.39 ± 9.50 for tubulin and SMI-32R (**[Fig 4B](#pone.0155274.g004){ref-type="fig"}**). Characterization of cells revealed expression of both ChAT (68.56 ± 2.57, 72.22 ± 3.49) and TH (74.10 ± 4.07, 81.15 ± 3.43) in control and patient cells.

![Characterization of HC and MSiPNs.\
(A) Cells were stained after an average of 20.5 days in differentiation medium (final cell count of 15,000 cells per well; staining begun 2 days following second plating); scale bar 50 μm. Cells stained positive for neuronal-specific cytoskeletal markers β-III-tubulin and SMI-32R, as well as neural transcription factor neurogenin (Nrg2). Cells also displayed less-intensive expression of neurotransmitter enzymes ChAT and TH. (B) Quantification of four to five randomly-selected visual fields of three or four independent experiments confirmed purity of neuron culture: 90.03% (92.01%) of patient (healthy control) cells in selected visual fields stained positive for β-III-Tubulin, 71.80% (73.56%) for tubulin + neurogenin, and 22.49% (36.39%) for tubulin with mature neuron marker SMI-32R, indicating a mix of neuronal developmental stages. ChAT and TH enzymes were also present in high levels, at 74.10% (81.15%) and 68.56% (72.22%), respectively. Error bars depict SEM.](pone.0155274.g004){#pone.0155274.g004}

In order to investigate the functional integrity of MSiPNs, whole-cell patch clamp recordings were performed in the voltage and current clamp mode *in vitro*. All investigated cells were characterized by pyramidal somata and multipolar dendritic morphology, as represented in **[Fig 5A](#pone.0155274.g005){ref-type="fig"}**. Depolarizing current injections induced single or multiple action potentials (APs) leading to irregular, fast-adapting firing in MSiPNs, with a mean duration of initial action potentials of 5.5 ± 0.2 ms (mean ± s.d.; **[Fig 5B](#pone.0155274.g005){ref-type="fig"}**). As expected from functional neurons, increases of current amplitude increased the firing rate (as indicated by reduced interspike intervals) until reaching depolarization block, thus suppressing AP firing (**[Fig 5B](#pone.0155274.g005){ref-type="fig"}**).

![Electrophysiology of MSiPNs.\
(A) Representative photomicrograph of an MSiPN while advancing the recording pipette. Independent from the mode of culturing, examined cells were characterized by a pyramidal shaped soma and multipolar dendrite formations. (B) AP firing induced in MSiPNs by increasing depolarizing current injections. (C) Voltage dependence of steady state and fast inward currents recorded in cells derived from a healthy control (HC; 5 cells analyzed) and a MS patient (MS; 5 cells analyzed). (D) Isolated fast inward sodium currents in both MS- and HCiPNs are abolished by TTX bath (10 μM). (E) Representative MSiPN responses to TTX-block of sodium currents to depolarizing voltage steps and of (F) action potentials elicited by current injections.](pone.0155274.g005){#pone.0155274.g005}

I-V curves achieved via voltage steps from -80 mV to +30 mV showed MSiPN steady state- and sodium current-relationships mimicked responses of those derived from healthy controls (HC; **[Fig 5C](#pone.0155274.g005){ref-type="fig"}**). Application of TTX to MSiPNs appropriately altered isolated fast sodium current-voltage relations (**[Fig 5D](#pone.0155274.g005){ref-type="fig"}**), also blocking both inward sodium currents under voltage clamp conditions and APs under current clamp conditions ([**Fig 5E** and **5F**](#pone.0155274.g005){ref-type="fig"}, respectively).

Discussion {#sec016}
==========

We have successfully derived functional, MS patient-specific primary neurons via non-invasive collection of renal proximal tubule epithelial cells. The development of such constitutes, to our knowledge, the first reliable *in vitro* human model of MS neurons, decisively augmenting the growing body of humanized, neurodegenerative disease models seen in recent years \[[@pone.0155274.ref018],[@pone.0155274.ref019]\].

The limiting factor within the current procedure remains the RPTEC culture success rate. Contamination complications typically occurred within the initial culture, with rates being higher than those previously described \[[@pone.0155274.ref008]\]. However, because cellular collection is non-invasive, repeated collections are plausible, have no foreseeable deficit to patients. Despite this, the following procedure can be accomplished with alarming efficiency, with transfections resulting in hESC-like colonies and embryoid body attachments consistently developing neural tubule-like formation \[[@pone.0155274.ref029]\]. The manual isolation and single cell suspension of these cultures resulted in neural precursor cells that, when subjected to neuron-selective conditions, led to the creation of over-populated, neural "mother cultures". Such has never before been reported, with these cultures acting as unusually long-lasting reservoirs for immature, pre-neurons. Derivation of daughter dishes from mother cultures via trypsinization resulted in exceedingly pure neuronal cultures devoid of glial cell formation. These cultures contained cells at various stages of maturity, as evidenced by the lesser degree of mature neuronal marker SMI-32R staining as compared with that of β-III-tubulin and neurogenin. This is similarly noted in both the limited presence of double-positive tubulin/GFAP cells \[[@pone.0155274.ref033]\] along with the high degree of ChAT- and TH-positive neurons, indicating the presence of possibly immature, lineage naïve cells \[[@pone.0155274.ref034]\].

Neurons isolated from mother cultures displayed normal neuron morphology and functionality, with physiological properties not deviating from exhibited by healthy controls. All neurons examined demonstrated single or multiple membrane potential-dependent spikes with mean durations and amplitudes typical of iPSC-derived neuronal action potentials *in vitro* \[[@pone.0155274.ref035]\], though kinetics appear slower than typical slice cultures due to room temperature recordings \[[@pone.0155274.ref036]\]. Furthermore, TTX presence abrogated isolated sodium currents, action potentials, and AP-related fast inward currents resulting from membrane depolarization.

Our findings further demonstrate the neuronal-specificity of our procedure and allow for further comparative pathophysiological studies. Adding to the current body of iPSC-derived neuronal models for neurodegenerative diseases such as AD \[[@pone.0155274.ref013],[@pone.0155274.ref014],[@pone.0155274.ref017],[@pone.0155274.ref023]\], Huntington's disease \[[@pone.0155274.ref022]\], and PD \[[@pone.0155274.ref011],[@pone.0155274.ref016]\]), MS patient-derived cells did not differ electrophysiologically or morphologically from that of controls. This may be due to the multifactorial nature of MS, requiring various test assays to reveal disease phenotypes for characterization \[[@pone.0155274.ref019]\]. Nonetheless, the herein established "disease in a dish" MS model can serve as a suitable platform for disease-specific *in vitro* investigations. These include not only inquiries into neuronal processes and drug repositioning/small molecule screenings \[[@pone.0155274.ref014],[@pone.0155274.ref017]--[@pone.0155274.ref020]\], but also studies exploring the functional mechanisms of disease-associated SNPs \[[@pone.0155274.ref037]\]. As such, the established non-integrative procedure provides a suitable foundation for further exploration into the human- and neuron-specific processes, genomics, and epigenomics of MS.

Supporting Information {#sec017}
======================

###### Overview images of HC, MSiPN characterization stainings.

Representative pictures of β-III-Tubulin, neurogenin, SMI-32R, ChAT, and TH stainings from [Fig 4](#pone.0155274.g004){ref-type="fig"}; scale bar 100 μm.

(TIF)

###### 

Click here for additional data file.

###### Representative negative control stainings.

\(A\) Neuronal cultures do not exhibit oligodendrocyte lineage markers a, O4 and b, MBP. (B) Cultures show limited presence of astrocytes, with MSiPNs showing 3.63 (1.22) and HCiPN 0.13 (0.13) percent (SEM) of GFAP-positive, tubulin-negative cells. Error bars depict SEM. (C) a, Negative controls of biotin intermediary with secondary antibodies and b, secondary antibodies alone show limited non-specific staining.

(TIF)

###### 

Click here for additional data file.
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